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Human Y-chromosomal short tandem repeat (STR) data provide a potential model system for the understanding
of autosomal STR mutations in humans and other species. Yet, the reconstruction of STR evolution is rarely
attempted, because of the absence of an appropriate methodology. We here develop and validate a phylogenetic-
network approach. We have typed 256 Y chromosomes of indigenous descent from Africa, Asia, Europe, Australia,
and highland Papua New Guinea, for the STR loci DYS19, DXYS156Y, DYS389, DYS390, DYS392, and DYS393,
as well as for five ancient biallelic mutation events: two poly (A) length variants associated with the YAP insertion,
two independent SRY-1532 mutations, and the 92R7 mutation. We have used our previously published pedigree
data from 11,000 paternity-tested autosomal STR-allele transfers to produce a two-class weighting system for the
Y-STR loci that is based on locus lengths and motif lengths. Reduced-median-network analysis yields a phylogeny
that is independently supported by the five biallelic mutations, with an error of 6%. We find the earliest branch
in our African San (Bushmen) sample. Assuming an age of 20,000 years for the Native American DYS199 T
mutation, we estimate a mutation rate of mutations/20 years for slowly mutating Y STRs, ∼10-fold542.6# 10
slower than the published average pedigree rate.
Introduction
The history of the human Y chromosome is currently
being unraveled by the study of three types of loci: (a)
biallelic markers—that is, point mutations and the YAP
insertion (Hammer 1995; Underhill et al. 1997), (b) the
MSY1 VNTR, or “minisatellite,” locus (Jobling et al.
1998), and (c) a battery of short tandem repeat (STR),
or “microsatellite,” loci (Kayser et al. 1997). The bial-
lelic markers remain stable for millions of years and are
thus the markers of choice for outgroup rooting of the
human Y-chromosomal tree by use of other primate Y
chromosomes (Jobling et al. 1997). Furthermore, they
are amenable to DNA hybridization–detection tech-
niques (Underhill et al. 1997; Anagnostopoulos et al.
1999). In contrast, the MSY1 minisatellite (Jobling et
al. 1998) has a very high mutation rate and therefore is
especially useful for short time ranges (Foster et al.
1998). STRs are arguably the most interesting type of
locus for some applications. The factors affecting STR
mutation on the Y chromosome can readily be studied
over long time periods, because of the absence of re-
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combination, and they may become relevant for an un-
derstanding of the development of autosomal STR-ex-
pansion diseases. Furthermore, the mutation rates of
some Y STRs are fast enough for them to be determined
directly in pedigree studies. In contrast, dates for mu-
tations on the biallelic Y tree will have unknown con-
fidence limits, because of inevitable assumptions about
prehistoric demography. An independent STR system is
all the more desirable after the controversy surrounding
the alleged 200-fold disparity between the “evolution-
ary” and the “pedigree” mutation rate in mtDNA (How-
ell and Mackey vs. Macaulay et al. [1997]). Finally, for
ancient-DNA and forensic applications, multiallelic loci
are desirable for the exclusion of sample contamination.
On an interdisciplinary level, a successful STR analysis
in humans will be much easier to extend to work on
other species (chimpanzees, cattle, sheep, etc.), since
STRs are easier to find and cheaper to score than are,
for example, biallelic markers.
In practice, researchers are reluctant to use Y STRs
for reconstructing the Y-chromosomal tree, and they
either restrict themselves to distance analyses with Y
STRs (Seielstad et al. 1999) or, instead, use a biallel-
ic skeleton tree on which STR information is added
to give a measure of diversity—and, hence, time
depth—for the nodes of the biallelic tree (e.g., see
Hurles et al. 1999). However, by entering all biallelic
information at the outset, one loses the option of
verifying the accuracy of the phylogenetic parameter
settings generating the STR subtree. In the case of
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Figure 1 Structure of Y-STR loci typed in the study. The non-
repetitive block of DNA in DYS389 is not to scale.
our phylogenetic-network algorithms (Bandelt et al.
1999), the parameters will determine both whether
the most parsimonious (MP) trees are contained in
the network and whether, in fact, any MP tree rep-
resents the evolutionary tree. There are several STR-
specific problems that can lead phylogenetic methods
astray, such as real parallel mutations (due to fast
mutation rates) and “virtual” parallelisms (due to ei-
ther inadequate DNA-sequence resolution of sub-
structured loci or violation of the single-repeat mu-
tation model; see Weber and Wong 1993). Confusion
is furthermore caused either by the application of
minimum-spanning trees and networks (Cooper et al.
1996), which, by definition, do not allow reconstruc-
tion of ancestral nodes (Bandelt et al. 1999), or by
one’s disregarding the prevalence of single-repeat mu-
tations when coding the input data (Pe´rez-Lezaun et
al. 1997).
The aim of our study therefore is to identify and
empirically support phylogenetic-network settings that
will yield biologically meaningful phylogenies, indepen-
dent of whether STRs for either the global Y tree or a
subtree (defined, e.g., by biallelic markers) are entered.
In contrast to previous studies, we employ a higher-
than-usual DNA-sequence resolution for the Y-STR loci
DYS389 and DYS390; we draw on our autosomal ped-
igree data on 11,000 allele transfers, to justify a weight-
ing scheme for the set of Y-STR loci; and we employ
our reduced median (RM) network method (Bandelt et
al. 1995), rather than our median joining (MJ) network
method (Bandelt et al. 1999), for deep phylogenetic re-
construction. Finally, we reverse the traditional ap-
proach by using ancient Y-chromosomal biallelic mark-
ers (YAP, SRY-1532, and 92R7) to empirically test the
accuracy of our global Y-chromosomal tree based on Y
STRs.
Subjects and Methods
DNA samples (from saliva or blood) were processed
from the following 256 male individuals: 23 Australian
Aborigines and 15 Highland Papuans (described in For-
ster et al. 1998); and 35 Han Chinese from Shenyang,
44 Japanese from Shiga, 20 Khalkh Mongolians, 28
Ovambos (Namibian Bantu), 6 San (Bushmen) from Na-
mibia, 5 Western Pygmies (described in Siffert et al.
1999), 1 Eastern Pygmy (Efe tribe, Central Africa), 40
Turks from Adana, and 39 Germans from Mu¨nster (de-
scribed in Nata et al. 1999). In the case of the Germans,
individuals were selected on the basis of German sur-
names, which originated ∼700 years ago.
DNA was extracted by a modified Chelex protocol
(Wiegand et al. 1993). The YAP locus was typed by
PCR with the primers 5′-CAG GGG AAG ATA AAG
AAA TA-3′ and 5′-ACT GCT AAA AGG GGA TGG
AT-3′, according to the method of Hammer and Horai
(1995), and the long and short forms (Hammer 1995)
were distinguished on polyacrylamide gels (see below).
The SRY-1532 locus (originally “SRY10831”; Whitfield
et al. 1995) was PCR amplified with the primers 5′-TCC
TTA GCA ACC ATT AAT CTG G-3′ and 5′-AAA TAG
CAA AAA ATG ACA CAA GGC-3′, and the resulting
167-bp product was screened, by digestion with DraIII
(A was uncut; G was cut), for the SRY-1532 polymor-
phism. The 92R7 locus (Kwok et al. 1996) was PCR
amplified with the primers 5′-TGC ATG AAC ACA
AAA GAC GTA-3′ and 5′-GCA TTG TTA AAT ATG
ACC AGC-3′, and, to screen for the polymorphism, the
resulting 55-bp product was digested with HindIII (C
was partially cut; T was uncut). The Y-chromosomal
STRs were amplified as described by Kayser et al. (1997)
and Rolf et al. (1999). Both the biallelic and the STR
amplicons were sized on silver-stained (Budowle et al.
1991) 8% polyacrylamide gels, with the exceptions of
the 92R7 digestion products, which were sized on 14%
gels, and the DYS389 and DYS390 loci, which were
directly sequenced by the Big Dye deoxy terminator cy-
cle-sequencing method (PE Biosystems) and ABI Prism
310 capillary electrophoresis (PE Biosystems).
The phylogenetic analysis was performed by means
of the RM-network method (Bandelt et al. 1995) as
implemented in Network 2.0, which includes a new
character-compatibility check, and also by the MJ-net-
work method (Bandelt et al. 1999), available at the Life
Sciences and Engineering Technology Solutions Web
site. The “frequency11” option was used, which selects
those Y types that occur more than once in the data
set, for a specified battery of STRs (STR loci in the data
set can be deactivated or activated by setting their
weight to 0 or 10, respectively). To prevent the small
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Table 1
Y-STR and Biallelic Polymorphism Types
INDIVIDUALa
NO. OF
DYS19 DXYS156Y DYS389m DYS389n DYS389p DYS389q DYS390m DYS390n DYS390p DYS390q DYS392 DYS393 YAPb,c SRY1532b 92R7b
H1 14 12 4 12 3 10 8 10 1 4 15 13 0 1 1
H3 15 13 4 13 3 9 8 10 1 4 13 12 0 1 1
H4 15 11 5 11 3 10 8 10 1 4 11 14 0 1 1
H5 17 13 4 11 3 10 7 10 1 4 14 12 0 1 1
H7 13 12 5 12 3 11 8 11 1 4 14 14 0 1 1
H8 16 11 5 12 3 10 8 10 1 4 11 15 0 1 1
H9 16 11 5 11 3 10 8 10 1 4 11 14 0 1 1
H15 15 12 4 12 3 10 8 10 1 4 14 13 0 1 1
H16 16 13 4 12 3 10 8 11 1 4 12 12 0 1 1
H17 15 12 4 12 3 10 8 9 1 4 14 13 0 1 1
H18 16 11 5 11 3 10 8 11 1 4 11 15 0 1 1
H19 17 13 4 12 3 9 8 12 1 4 13 12 0 1 1
H20 16 13 5 10 3 10 8 11 1 4 13 13 0 1 1
H22 17 11 5 12 3 10 8 10 1 4 11 14 0 1 1
H24 15 13 4 12 3 9 8 10 1 4 12 12 0 1 1
H25 16 13 4 14 3 9 8 11 1 4 13 12 0 1 1
H26 15 13 4 13 3 9 8 11 1 4 13 12 0 1 1
H28 16 11 5 12 3 10 8 10 1 4 11 14 0 1 1
H29 16 11 4 14 3 10 8 11 1 4 11 15 0 1 1
H32 14 12 5 11 3 11 7 11 1 4 11 12 0 1 1
H33 15 13 4 12 3 11 8 11 1 4 12 12 0 1 1
H35 15 12 4 12 3 10 9 11 1 4 13 13 0 1 1
H37 15 11 4 12 3 10 8 10 1 4 11 14 0 1 1
H38 16 13 4 14 3 9 8 11 1 4 13 12 0 1 1
H40 16 11 5 11 3 10 8 11 1 4 11 13 0 1 1
H45 16 13 4 13 3 9 7 10 1 4 13 12 0 1 1
H47 15 11 5 11 3 10 8 12 1 4 11 13 0 1 1
H49 14 13 4 12 3 9 8 10 1 4 12 12 0 1 1
H52 14 12 4 14 3 9 8 11 1 4 14 13 0 1 1
H53 16 13 4 13 3 9 8 11 1 4 13 12 0 1 1
H58 15 13 4 12 3 9 8 10 1 4 13 13 0 1 1
H59 13 11 4 13 3 9 8 10 1 4 12 12 0 1 1
H60 15 13 4 13 3 9 8 10 1 4 13 12 0 1 1
H64 15 12 4 12 3 11 9 10 1 4 13 14 0 1 1
H68 13 13 4 14 3 9 8 12 1 4 13 13 0 1 1
J1 14 12 4 12 3 10 8 10 1 4 14 13 0 ND ND
J2 15 12 4 12 3 10 8 9 1 4 13 13 0 1 1
J5 17 11 5 12 3 12 9 11 1 4 11 13 1L 1 1
J8 15 12 4 12 3 11 9 10 1 4 13 13 0 1 ND
J12 17 11 5 13 3 11 9 10 1 4 11 13 1L 1 1
J13 16 11 5 11 3 11 9 10 1 4 11 13 1L 1 1
185
J14 17 11 5 12 3 11 9 11 1 4 11 13 1L 1 1
J17 15 12 4 12 3 11 8 9 1 4 13 13 0 1 1
J19 17 11 5 12 3 11 9 11 1 4 11 13 1L 1 1
J20 15 12 4 12 3 11 8 9 1 4 13 13 0 1 1
J21 15 12 4 11 3 11 8 10 1 4 13 13 0 1 1
J27 14 14 4 12 3 8 8 10 1 4 13 12 0 1 1
J29 15 12 4 12 3 11 8 9 1 4 14 13 0 1 1
J30 16 11 4 13 3 10 9 11 1 4 13 13 1 1 1
J31 15 11 5 13 3 11 9 12 1 4 11 13 1L 1 1
J39 15 11 5 11 3 11 9 12 1 4 11 12 1L 1 1
J42 16 13 4 13 3 9 8 12 1 4 13 12 0 1 1
J43 16 11 5 13 3 10 9 10 1 4 11 13 1L 1 1
J45 15 12 4 12 3 10 8 9 1 4 13 13 0 1 1
J53 16 12 5 11 3 11 8 10 1 4 13 13 0 1 1
J54 14 12 4 11 3 11 8 9 1 4 14 14 0 1 1
J56 17 13 4 12 3 9 8 12 1 4 13 12 0 1 1
J60 17 11 5 12 3 10 9 10 1 4 11 13 1L 1 1
J63 16 13 4 13 3 9 8 11 1 4 13 12 0 1 1
J64 17 11 5 11 3 10 10 11 1 4 11 13 1L 1 1
J65 15 11 5 10 3 11 8 10 1 4 11 15 0 1 1
J66 16 11 5 11 3 9 8 10 1 4 11 14 0 1 1
J70 15 12 4 12 3 11 8 9 1 4 13 13 0 1 1
J75 17 11 5 11 3 10 9 9 1 4 11 14 1L 1 1
J76 15 11 5 12 3 11 9 11 1 4 11 13 1L 1 1
J79 17 11 5 12 3 11 9 11 1 4 11 13 1L 1 1
J80 16 13 4 14 3 9 8 13 1 4 14 12 0 1 1
J83 13 12 4 12 3 12 8 9 1 4 14 13 0 1 1
J97 16 13 4 13 3 9 8 11 1 4 13 12 0 1 1
J98 17 11 5 12 3 10 9 11 1 4 11 13 1L 1 1
J102 16 13 4 13 3 9 8 11 1 4 13 12 0 1 1
J107 17 13 4 14 3 9 8 10 1 4 13 12 0 1 1
J115 16 13 4 13 3 9 8 10 1 4 12 12 0 1 1
J118 15 12 4 13 3 11 8 10 1 4 13 13 0 1 1
J120 16 12 4 11 3 11 7 10 1 4 13 13 0 1 1
J125 17 11 5 12 3 10 10 11 1 4 11 13 1L 1 1
J127 17 11 5 12 3 11 9 11 1 4 11 13 1L 1 1
J129 15 12 4 11 3 11 8 9 1 4 13 13 0 1 1
J130 17 13 4 13 3 10 8 11 1 4 13 13 0 1 1
Ov1 15 11 6 12 3 10 8 8 1 4 11 13 1 1 1
Ov4 15 11 6 12 3 10 8 8 1 4 11 13 1 0 1
Ov5 15 11 6 12 3 9 8 8 1 4 12 13 1 1 1
Ov13 16 11 6 10 3 10 8 8 1 4 11 13 1 1 1
Ov17 16 11 6 10 3 10 8 8 1 4 11 15 1 1 1
Ov21 14 11 6 10 3 9 8 12 1 4 11 13 1L 1 1
(continued)
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Table 1 Continued
INDIVIDUALa
NO. OF
DYS19 DXYS156Y DYS389m DYS389n DYS389p DYS389q DYS390m DYS390n DYS390p DYS390q DYS392 DYS393 YAPb,c SRY1532b 92R7b
Ov25 16 11 7 11 3 11 8 11 1 4 11 13 0 1 1
Ov27 14 11 6 9 3 9 8 17 0 0 11 12 ND 1 1
Ov30 16 11 6 11 3 10 8 9 1 4 11 14 1 1 1
Ov40 15 11 6 10 3 10 8 8 1 4 11 14 1 1 1
Ov41 15 11 6 11 3 10 8 8 1 4 11 14 1 1 1
Ov52 15 11 6 12 3 10 8 8 1 4 11 13 1 1 1
Ov54 13 11 6 12 3 7 8 11 1 4 11 14 1 1 1
Ov56 16 11 6 10 3 10 8 8 1 4 11 15 1 1 1
Ov60 15 11 6 11 3 10 8 8 1 4 11 14 1 1 1
Ov65 15 11 6 12 3 9 8 8 1 4 11 13 1 1 1
Ov68 15 11 6 11 3 9 8 8 1 4 11 14 1 1 1
Ov69 16 11 6 11 3 10 8 8 1 4 11 14 1 1 1
Ov71 15 11 6 11 3 10 8 8 1 4 11 13 1 1 1
Ov72 15 11 6 11 3 10 8 8 1 4 11 13 1 1 1
Ov73 15 11 6 12 3 9 8 8 1 4 11 13 1 1 1
Ov74 17 11 6 11 3 10 8 8 1 4 11 15 1 1 1
Ov78 15 11 7 12 3 10 8 11 1 4 11 14 0 1 1
Ov84 15 11 6 12 3 11 8 8 1 4 11 13 1 1 1
Ov87 16 12 5 12 3 9 7 10 1 4 11 12 0 1 1
Ov107 15 11 6 11 3 10 8 8 1 4 11 13 1 1 1
Ov108 15 11 6 12 3 10 8 8 1 4 11 13 1 1 1
Ov181 14 11 6 10 3 9 8 11 1 4 11 13 1L 1 1
P4 14 12 5 12 3 10 8 11 1 4 14 13 0 1 1
P10 14 12 5 12 3 10 8 11 1 4 14 13 ND ND ND
P12 14 12 5 12 3 10 8 11 1 4 14 13 ND ND ND
P13 14 12 5 12 3 10 8 11 1 4 14 13 ND ND ND
P14 14 12 5 12 3 10 8 11 1 4 14 13 ND ND ND
P16 14 12 5 12 3 10 8 11 1 4 14 14 ND ND ND
P19 14 12 5 12 3 12 8 11 1 4 14 13 ND ND ND
P23 15 11 5 11 3 10 8 12 0 0 11 14 ND ND ND
P24 15 11 5 13 3 11 8 12 0 0 11 14 0 1 1
P35 15 12 5 12 3 9 8 10 1 4 13 13 ND ND ND
P49 15 12 5 12 3 9 8 10 1 4 13 13 ND ND ND
P51 14 12 5 12 3 10 8 12 1 4 14 13 ND ND ND
P56 14 11 5 11 3 10 8 12 1 4 11 14 ND ND ND
P82 15 11 5 11 3 10 8 12 0 0 11 14 ND ND ND
P105 15 11 5 11 3 11 8 14 0 0 11 13 ND ND ND
T4 14 12 5 12 3 9 8 10 1 4 11 13 0 1 1
T5 15 12 5 12 3 9 8 8 1 4 11 14 0 1 1
T9 14 13 4 13 3 10 8 11 1 4 13 14 0 1 1
T12 15 12 5 15 3 11 8 11 1 4 11 13 0 1 0
T15 16 12 5 13 3 10 8 12 1 4 11 13 0 0 1
T22 13 11 6 11 3 9 8 10 1 4 12 13 1 1 1
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T26 14 12 5 11 3 9 8 10 1 4 11 12 0 1 1
T29 13 11 7 12 3 9 8 11 1 4 11 12 1 1 1
T32 17 12 5 13 3 10 8 11 1 4 11 12 0 0 0
T33 14 12 4 11 3 10 8 10 1 4 14 13 0 1 1
T38 14 12 5 11 3 10 8 11 1 4 13 12 0 1 1
T39 15 12 5 11 3 9 8 10 1 4 11 12 0 1 1
T40 14 12 4 13 3 10 8 10 1 4 14 13 0 1 1
T43 13 12 6 11 3 10 8 12 1 4 11 13 1 1 1
T44 14 12 5 11 3 10 8 10 1 4 11 12 0 1 1
T45 14 12 5 13 3 10 8 12 1 4 11 13 0 0 0
T46 14 12 5 12 3 10 8 12 1 4 11 13 0 0 0
T47 15 12 5 11 3 9 8 12 1 4 11 12 0 1 1
T48 15 12 5 12 3 9 8 12 1 4 11 13 0 0 0
T50 13 12 5 11 3 10 8 11 1 4 13 12 0 1 0
T51 15 12 5 12 3 10 8 10 1 4 13 13 0 1 0
T52 14 12 5 12 3 10 8 10 1 4 11 12 0 1 1
T53 16 12 5 13 3 10 8 11 1 4 11 12 0 0 0
T54 14 12 5 11 3 10 8 10 1 4 11 12 0 1 1
T56 16 12 5 11 3 9 8 8 1 4 11 13 0 1 1
T57 14 12 5 13 3 10 8 10 1 4 11 12 0 1 1
T59 13 12 6 11 3 10 8 11 1 4 11 13 1 1 1
T60 15 12 5 12 3 9 8 11 1 4 11 13 0 0 0
T61 15 12 6 11 3 10 8 12 1 4 11 13 1 1 1
T64 13 11 7 12 3 10 8 11 1 4 11 13 1 1 1
T65 14 12 5 11 3 10 8 10 1 4 11 12 0 1 0
T66 13 11 6 11 3 9 8 10 1 4 12 13 1 1 0
T68 14 12 6 11 3 9 8 9 1 4 12 12 1 1 1
T72 13 11 5 14 3 10 8 12 1 4 11 13 0 0 0
T83 17 12 5 13 3 10 8 11 1 4 11 13 0 0 0
T89 14 12 5 11 3 10 8 11 1 4 11 12 0 ND 1
T91 15 12 5 12 3 9 8 11 1 4 11 12 0 1 1
T94 14 13 5 11 3 10 8 15 0 0 13 12 0 1 0
T95 13 12 5 11 3 11 8 9 1 4 11 13 0 1 1
W1 15 12 5 11 3 8 8 11 1 4 11 12 0 1 1
W2 15 12 5 11 3 8 8 11 1 4 11 12 0 1 1
W6 14 11 6 10 3 9 7 13 1 4 11 13 1L 1 1
W8 15 11 5 11 3 11 8 10 1 4 11 15 0 1 1
W9 15 11 6 11 3 10 8 8 1 4 11 14 1 1 1
E2 15 11 6 11 3 11 8 8 1 4 11 16 ND ND 1
M235 15 11 5 10 3 10 8 9 1 4 11 13 0 1 ND
M236 17 12 4 11 3 9 8 9 1 4 12 12 0 1 1
M237 16 11 5 11 3 10 8 11 1 4 11 13 0 1 1
M238 14 12 4 12 3 11 9 10 1 4 13 14 0 ND 1
M239 14 12 5 11 3 11 8 11 1 4 11 12 0 1 1
(continued)
188
Table 1 Continued
INDIVIDUALa
NO. OF
DYS19 DXYS156Y DYS389m DYS389n DYS389p DYS389q DYS390m DYS390n DYS390p DYS390q DYS392 DYS393 YAPb,c SRY1532b 92R7b
M240 16 11 5 11 3 10 8 12 1 4 11 13 0 1 1
M241 14 14 4 12 3 9 8 12 1 4 14 12 0 1 1
M242 15 11 5 11 3 11 8 12 1 4 11 13 0 1 1
M243 14 12 4 11 3 10 8 10 1 4 14 13 0 1 1
M244 16 13 4 13 3 11 8 11 1 4 13 12 0 1 1
M245 14 12 5 12 3 10 8 10 1 4 16 13 0 1 0
M246 18 12 5 13 3 10 8 12 1 4 11 13 0 0 0
M247 16 11 5 11 3 10 8 12 1 4 11 13 0 1 1
M248 15 13 4 12 3 9 8 11 1 4 13 12 0 1 1
M249 15 12 5 10 3 10 8 10 1 4 11 13 0 1 1
M250 15 11 5 10 3 10 8 10 1 4 11 14 0 1 1
M251 15 11 5 12 3 8 8 9 1 4 11 14 0 1 1
M252 15 11 5 11 3 10 8 11 1 4 11 13 0 1 1
M253 14 12 4 12 3 11 8 10 1 4 14 14 0 1 1
M254 16 11 5 11 3 10 8 12 1 4 11 13 0 1 1
A32 15 11 5 12 3 11 4 10 1 4 11 13 ND ND ND
A34 15 11 5 12 3 11 4 10 1 4 11 13 ND ND ND
A38 15 11 5 13 3 11 4 10 1 4 11 13 ND ND ND
A39 15 11 5 11 3 10 4 9 1 4 11 13 ND ND ND
A40 15 11 5 11 3 11 4 9 1 4 11 13 ND ND ND
A42 15 11 5 12 3 10 4 10 1 4 11 13 0 1 1
A43 15 12 5 11 3 10 8 12 1 4 13 13 0 1 ND
A44 15 12 5 13 3 11 8 12 1 4 13 12 ND ND ND
A45 15 12 5 11 3 10 8 12 1 4 13 13 ND ND ND
A47 15 12 5 12 3 11 8 11 1 4 13 12 ND ND ND
A48 17 11 5 9 3 10 8 9 1 4 11 13 ND ND ND
A50 15 11 5 12 3 11 4 10 1 4 11 13 ND ND ND
A51 15 12 5 11 3 10 8 12 1 4 13 13 ND ND ND
A52 14 12 5 11 3 10 8 13 1 4 13 13 ND ND ND
A56 15 11 5 12 3 10 8 9 1 4 11 14 ND ND ND
A60 15 11 5 12 3 11 4 10 1 4 11 13 ND ND ND
A68 15 11 5 11 3 10 8 9 1 4 11 13 ND ND ND
A71 16 12 5 12 3 10 8 12 1 4 11 13 ND ND ND
A74 14 12 5 11 3 10 8 10 1 4 12 13 ND ND ND
A80 16 12 5 13 3 10 8 14 1 4 13 13 ND ND ND
A84 15 11 5 12 3 11 4 10 1 4 11 13 ND ND ND
A88 16 11 5 12 3 10 8 9 1 4 11 13 ND ND ND
A89 15 11 5 11 3 10 8 9 1 4 11 13 ND ND ND
B5 13 12 5 10 3 10 7 9 1 4 13 11 ND ND ND
B7 12 12 5 10 3 11 7 9 1 4 13 11 0 0 1
B11 12 12 5 10 3 11 7 9 1 4 13 11 ND ND ND
B14 16 11 5 11 3 11 8 8 0 4 11 13 0 1 1
B15 13 12 5 10 3 10 7 9 1 4 13 11 ND ND ND
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B17 15 11 6 11 3 10 8 8 1 4 11 15 ND ND ND
G1.24 14 12 5 11 3 10 9 11 1 4 13 13 ND ND ND
G1.36 14 12 5 11 3 10 8 11 1 4 13 13 0 1 0
G1.39 14 12 5 12 3 10 8 11 1 4 15 13 0 1 0
G1.45 15 12 5 12 3 11 8 11 1 4 13 13 0 1 1
G1.51 14 12 5 11 3 10 8 10 1 4 13 13 0 1 0
G1.54 14 12 5 11 3 10 8 10 1 4 13 13 0 1 0
G1.57 14 12 5 11 3 10 8 11 1 4 13 13 0 1 0
G1.78 14 12 5 13 3 10 8 11 1 4 13 13 0 1 0
G2.03 14 12 5 11 3 9 8 10 1 4 13 13 0 1 0
G2.06 14 12 5 11 3 10 8 11 1 4 13 13 0 1 0
G2.15 14 12 5 11 3 10 8 11 1 4 13 13 0 1 0
G2.18 14 12 5 11 3 10 8 10 1 4 13 13 0 1 0
G2.36 15 12 5 11 3 9 8 9 1 4 11 13 0 1 0
G2.39 14 12 5 11 3 10 8 12 1 4 14 13 0 ND 0
G2.63 15 12 5 12 3 10 8 13 1 4 11 13 0 0 0
G2.69 16 12 5 13 3 10 8 11 1 4 11 13 0 1 1
G2.81 15 12 5 12 3 10 8 10 1 4 11 12 0 1 1
G3.03 16 12 5 11 3 9 8 8 1 4 11 14 0 1 1
G3.06 15 12 5 11 3 10 8 12 1 4 14 13 0 ND ND
G3.18 14 12 5 11 3 11 8 11 1 4 13 13 0 1 0
G3.39 15 12 5 13 3 10 8 12 1 4 11 13 0 ND 0
G4.03 14 12 5 11 3 10 8 11 1 4 13 13 0 1 0
G4.48 14 12 5 11 3 10 8 11 1 4 13 13 0 ND 0
G4.54 14 12 5 13 3 10 8 10 1 4 13 12 0 1 0
G4.57 16 12 5 13 3 10 8 10 1 4 11 13 0 1 1
G4.78 15 12 5 12 3 9 7 10 1 4 11 12 0 1 1
G5.15 14 12 5 13 3 9 8 9 1 4 11 13 0 1 1
G5.48 14 12 5 11 3 10 8 10 1 4 13 13 0 1 0
G5.51 14 11 5 11 3 10 8 10 1 4 13 13 0 1 0
G5.57 14 12 5 11 3 9 8 9 1 4 11 13 0 1 1
G5.66 15 10 5 11 3 10 8 10 1 4 12 14 0 1 1
G6.45 14 12 5 11 3 10 8 11 1 4 13 13 0 1 0
G6.54 14 12 5 11 3 10 8 11 1 4 13 13 0 1 0
G6.57 14 12 5 11 3 10 8 9 1 4 13 13 0 1 1
G6.66 16 12 5 11 3 10 8 12 1 4 11 13 0 0 0
G6.69 14 12 5 11 3 10 8 11 1 4 13 13 0 1 0
G6.75 15 11 6 11 3 9 8 8 1 4 11 14 ND ND ND
G6.78 16 12 5 13 3 10 8 12 1 4 11 13 0 1 1
G7.09 14 12 5 11 3 10 8 11 1 4 13 12 0 1 0
a H = Han, G = German, T = Turk, J = Japanese, Ov = Ovambo, W = Western Pygmy, E = Eastern Pygmy, A = Australian Aboriginal, P = Papuan, B = San (Bushman), and
M= Mongolian.
b ND = not determined.
c L = long YAP variant.
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sample of San and Pygmies from being excluded, they
were entered as having frequency 2 throughout the anal-
yses. In all RM analyses the RM reduction threshold
was set to the default value of 2; that is, character con-
flicts (displayed as network reticulations) are resolved
into subtrees only if the (equivalent) weight of at least
two characters opposes one conflicting character weight
(Bandelt et al. 1995, 1999). In the absence of theoretical
techniques to meaningfully evaluate the accuracy of in-
traspecies phylogenies (equivalent to bootstrapping for
interspecies phylogenies; see Bandelt et al. 1995), the
accuracy of the proposed STR phylogeny was empiri-
cally determined by superimposing biallelic markers on
it, and the discrepancy was quantified by the ratio of
the number of links that have to be utilized twice (i.e.,
the links that have to be added) to the number of links
in the proposed STR tree. Relative time estimates were
calculated by means of r, the average distance to the
node of interest (Morral et al. 1994), as measured in
single-repeat differences, and were transformed to ab-
solute time estimates by multiplication with the pedigree
and evolutionary mutation rates proposed below. As a
phylogeny-based statistic, r offers the advantage of be-
ing unbiased by demographic processes (Forster et al.
1996). The sampling error of r was approximated as
, where n denotes the sample size (Torroni et al.(r/n)
1998).
Results and Discussion
Locus Sequencing
The structures of the Y-chromosomal STR loci ana-
lyzed here are shown in figure 1. Note that we have
renamed the subsegments of DYS389 as “DYS389m,”
“-n,” “-p,” and “-q” (contra Rolf et al. 1998) and that
we have aligned the nomenclature for the subsegments
of the structurally similar locus DYS390 as DYS390m,
-n,- p, and -q (contra Forster et al. 1998). The loci
DYS19, DXYS156Y, DYS392, and DYS393 were char-
acterized by length sizing, whereas the complex loci
DYS389 and DYS390 were directly sequenced. The re-
sulting Y types for the African, European, Asian, Aus-
tralian, and Papuan samples are given intable 1. The
sequences for DYS389 confirm the findings of Rolf et
al. (1998)—that is, that the DYS389m segment is highly
informative for identification of indigenous descent, pre-
sumably because the short size of DYS389m (4–6 re-
peats) slows its mutation rate and thus retains ancient
alleles. In contrast, the DYS389n and -q alleles are not
continent specific and obscure the phylogenetic infor-
mation of DYS389m when DYS389 is typed by the pop-
ular forensic DYS389I/II system (Kayser et al. 1997).
Furthermore, the sequences for the four DYS390 seg-
ments confirm and extend our previously published find-
ings (Forster et al. 1998) that DYS390m and DYS390p
alleles discriminate Asians, Papuans, and Australians
from each other and from Whites and Africans. The
value of the four DYS390 segments has been neglected,
probably because of ascertainment bias: in Whites, all
segments but DYS390n are nearly invariant (table 1).
Locus-Specific Mutation Rates
A character- weighting scheme is required for the phy-
logenetic analysis of loci that differ widely in their mu-
tation rates, in order to identify parallel mutation events
during evolution and, hence, to approach the true tree.
To empirically determine a biologically justifiable
weighting scheme, we refer to our study of 11,000 par-
ent-offspring meioses for autosomal STR loci (Brink-
mann et al. 1998). All these autosomal STRs have tet-
ranucleotide-repeat motifs, except for CD4 which has a
pentanucleotide-repeat motif. Our results showed that
the STR mutation rate is a function of both the mean
number of repeats and the motif length: mutations in
the pentanucleotide motif CD4 STR were conspicuously
absent in our sample, indicating a lower mutation rate.
By analogy, we discarded, in the first analysis, the tri-
nucleotide-repeat locus DYS392 (for experimental jus-
tification, see below) and the n and q segments of the
longest locus, DYS389. The other loci were then sub-
divided into two weight classes: the pentanucleotide
DXYS156Y and the very short segments DYS389m and
-p and DYS390m, -p, and -q were assigned to the higher-
weight class, and the other tetranucleotide loci were as-
signed to the lower-weight class. The two classes were
weighted by a factor of 2:1, which is the most conser-
vative value when the RM-network algorithm is used,
given integer weights and the inherent reduction thresh-
old of 2: network reticulations are resolved into subtrees
only if at least two characters (or, more precisely, the
equivalent weight) oppose a conflicting character (Ban-
delt et al. 1995).
Phylogeographic Congruence
The resulting network is shown in figure 2. Because
of the elimination of singly occurring Y types, it is based
on 187 of the total of 256 individuals. The effectiveness
of the weighting is apparent in that DXYS156Y,
DYS389m, and DYS390m are represented by 3–9 single-
repeat links in the network, whereas the putatively fast
loci DYS393, DYS19, and DYS390n are represented by
16–32 links. The length of the estimated MP tree within
this network of 89 single-repeat links is 65 single-repeat
mutation steps, as estimated by the Network2.0b pro-
gram. The network assigns the Y types into geograph-
ically grouping branches, with the Asian Y types par-
ticularly well differentiated from the others, whereas the
distinction between Whites and Australian/Papuans is
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Figure 2 RM network of 187 Y chromosomes from a global sample. The network contains 45 Y-STR types represented more than once
in a sample of 256 Y chromosomes (125 Y types). The STR loci were weighted as follows: DYS19, DYS390n and -p, and DYS393, weight 1;
DXYS156Y, DYS389m, and DYS390m, weight 2. The length of an MP tree in this network is estimated at 65 single-repeat mutation steps.
Note that the placement of the DYS390p branch is ambiguous, since it depends on the coding of DYS390n, -p, and -q. Links are labeled by
loci, with the arrows pointing in the direction of locus lengthening. Parallel links in a reticulation represent the same locus. The area of a given
circle is proportional to number of individuals. For clarity, one superfluous node in the cluster of White individuals has been omitted. Single-
letter abbreviations are as intable 1. For reference, the Papuan in the center of the network has the following repeat lengths: 15 (DYS19), 12
(DXYS156Y), 5 (DYS389m), 8 (DYS390m), 10 (DYS390n), 1 (DYS390p), and 13 (DYS393).
less well resolved, being based only on the fast locus
DYS19. Within Y-chromosomal groups, the White Y
types cluster closest together, including the majority of
Turks, who are nevertheless thought to be partly Asian
(Rolf et al. 1999); note the Turkish Y type in the oth-
erwise exclusively Asian branch. The most extreme out-
liers are represented by Namibian San Y types. If the
latter are taken as outgroups for rooting, then the center
of the network is indicated as the root, although the
central reticulation and the unstructured San branch pre-
vent the pinpointing of the exact node. These geographic
plausibilities in the network motivate further testing of
the network by means of the set of ancient biallelic
markers.
Congruence with Biallelic Markers
Among the oldest and most widespread biallelic mark-
ers are the derived alleles of YAP, SRY-1532, and 92R7
(Jobling et al. 1997), and we chose these deep markers
as a demanding test for the STR tree, since the STRs
would have had ample time to undergo parallelisms if
their mutation rate were indeed as high as pedigree stud-
ies suggest. These three “biallelic” loci have the reso-
lution of five loci, because SRY-1532 has mutated twice
independently in the human Y-chromosome tree (Jobling
et al. 1997) and because we have distinguished the long
from the short variants of the YAP polymorphism. The
superposition of the biallelic markers on the STR net-
work is shown in figure 3: the network does indeed offer
a tree replicating the biallelic marker tree. In the case of
the YAP marker, the STR tree indicated within the STR
network not only separates YAP from YAP Y types
but also groups together the short YAP variants and
suggests that the long YAP variants are ancestral. With
SRY-1532 and 92R7, the STR network correctly sepa-
rates the two independent SRY-1532 mutations in Af-
ricans and non-Africans, known, on the basis of the
biallelic tree, to be distinct (Jobling et al. 1997). The
root of the Y-STR phylogeny is indicated by the SRY-
1532 polymorphism (Jobling et al. 1997) and is found
in the San, which is in agreement both with the mtDNA
trees of Vigilant et al. (1991) and of Watson et al. (1997),
which also show that the San harbor phylogenetically
deep mtDNA branches, and with the African Y-chro-
mosomal study by Scozzari et al. (1999).
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Figure 3 Superposition of biallelic markers on the STR phylogeny. For orientation, the Y-type nomenclature of Jobling et al. (1997) has
been provided. Superfluous links not confirmed by the biallelic markers are denoted by the dotted lines. L = long YAP variant.
Furthermore, the SRY-1532 A and 92R7 T types are
correctly grouped together in the White sample. How-
ever, this cluster is not well resolved internally by the
STRs, as is evident from the imperfect separation, by
the fast DYS19, of Australians/Papuans from Whites.
The phylogenetic error revealed by the biallelic loci can
be quantified by counting the number of links that have
to be traversed twice in the proposed tree, which
amounts to 4 single-mutation links in a total tree length
of 65 single-mutation links. The addition of Jobling et
al.’s biallelic Y nomenclature to the STR network dem-
onstrates that the Y STRs resolve the deepest node of
the biallelic markers (the default group 2 of Jobling et
al. 1997) more finely by virtue of DXYS156Y.
To further justify our decision to discard from the
analysis the trinucleotide motif STR DYS392, we in-
cluded it as a low-weight character in the network cal-
culation and otherwise retained the settings noted above.
The network (not shown), although superficially tree-
like, incorrectly splits the unique mutation events at
92R7 and at SRY-1532 into at least two artifactual
events each and produces another obvious artifact in that
the San branch off a peripheral German node. It is ev-
ident that DYS392 has mutated, at least twice, from 11
to 13 repeats in Y group 1, violating the single-repeat
mutation model, in agreement with table 3 of Hurles et
al. (1999). Intriguingly, DYS392 appears to be quite sta-
ble in Africans (table 1), where it is generally represented
by short alleles, whereas in Native Americans (fig. 4),
where it is represented by alleles 113 repeats, it is hy-
pervariable but nevertheless has not been observed to
transgress the 13–11 repeat jump. The DYS392 allele of
12 repeats is rare anywhere in the world (Kayser et al.
1997). The unusual mutation mechanism of DYS392 is
not explicable by its simple sequence structure, and fur-
ther research will be necessary for an understanding of
the phenomenon.
Calibration of the Y-STR Clock
The reconstruction, by means of the Y-STR phylogeny,
of deep-branching nodes separating ancient human
groups (figs. 2 and 3) appears to contradict the expec-
tation (de Knijff et al. 1997), based on pedigree mutation
rates, that Y-STR lines of descent cannot be inferred at
149,000 years (which is actually an upper estimate, since
loss of resolution in the reconstruction of ancestral states
necessarily precedes loss in genetic-distance resolution
as measured by Ddm linearity). We can test the plausi-
bility of the pedigree rate (∼ years/locus; see33 # 10 /20
Kayser et al. 1997; Bianchi et al. 1998; Jobling et al.
1999) by applying it to the Native American Y tree (fig.
4) for the data of Bianchi et al. (1998), which were
preselected for the presence of the pan-American–
specific DYS199 variant. The widespread occurrence in
America of the DYS199 T variant—and the failure, de-
spite intensive screening, to find it in Asia (Karafet et al.
1997; Santos et al. 1999, but note the mishap in theirt-
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Table 2
Diversity in r, for Native American Y-STR Calibration
Locus
Repeats
in Founder r Mutations/20 Years
Sampling
Error
DYS19 13 17/89 .00019 .000046
DYS390 24 49/89 .00055 .000079
DYS391 10 11/89 .00012 .000037
DYS392 14 54/89 .00061 .000083
DYS393 13 15/89 .00017 .000044
Figure 4 Network of Native American Y types, from Bianchi et al. (1998). The network includes all 89 individuals and was calculated
by the MJ method (e = .6), to resolve the high homoplasy caused by DYS392. The weighting scheme was as follows: DYS19, 1; DYS390 (total),
.6; DYS391, 1; DYS392, .6; and DYS393, 1. Preprocessing the data with RM before applying MJ produces an identical network.
able 1)—could be due to either its presence in a founding
gene pool for all of America or to later geographic ex-
pansion of that Y type across America. The latter pos-
sibility is less likely, given the geographically specific de-
rived branches in figure 4 (recent expansion should have
affected both the ancestral and the derived types). If we
assume that the sharing of DYS199 T by many tribes is
due to descent from a common Y founder, then archae-
ological and mtDNA evidence suggests that this Y type
should be ∼20,000 years old (Morell 1990; Forster et
al. 1996); if, on the other hand, we assume a more recent
pan-American expansion of the DYS199 T type, then it
is unlikely to postdate the distinct Clovis, Monte Verde,
and Monte Alegre cultures of 14,000 calendar years ago
(Roosevelt et al. 1996; Saunders 1998). However, ap-
plication of the pedigree mutation rate yields much
younger ages; measuring the r diversity value (in a
manner analogous to that of Forster al. 1996) from fig-
ure 4 yields an age of only 1,775 years, and r for each
locus separately yields 1,300 years (DYS19), 3,700 years
(DYS390), 800 years (DYS391), and 1,300 years
(DYS393).
To obtain an alternative “evolutionary” Y-STR mu-
tation rate, we assume an age of 20,000 years for the
Native American DYS199 C-T mutation. The phylo-
genetic mutation rates for each Y STR, determined from
the proposed Native American Y tree of figure 4, are
given in table 2. The average rate for the tetranucleotide-
motif loci (i.e., when DYS392 is excluded) is 2.6 #
years/locus ( for the4 510  2.7 # 10 /20 r = 92/89
four loci) and, hence, is an order of magnitude slower
than the pedigree mutation rate—and is even outside the
95% confidence interval given by Heyer et al. (1997).
There are two possible factors that could explain the
discrepancy. First, the Y STRs used in pedigree studies
include the fast type omitted in our calibration (i.e.,
DYS389n and -q and DYS392); if we combine the ped-
igree data of Kayser et al. (1997), Bianchi et al. (1998),
and Jobling et al. (1999) and consider only the four
putatively slow tetranucleotide loci used in our DYS199
T calibration (i.e., DYS19, DYS390, DYS391, and
DYS393), we obtain a mutation rate of 3/2,651 for the
four loci—that is, /generation/lo-4 42.8 # 10  3 # 10
cus. Although the sample size is unsatisfactory, this rate
is clearly compatible with our calibration. Second, the
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pedigree studies are performed on fathers in paternity
cases who, in Germany, are, on average, 130 years old
(Brinkmann et al. 1998). Since mutation rate increases
with paternal age, modern paternity cases may not be
representative of prehistoric fathers, who may have been
younger. A factor that is not taken into account in our
calibration is the dependence of mutation rate on allele
length, since short alleles are expected to mutate more
slowly (Brinkmann et al. 1998). This is seen, for ex-
ample, not only in the allele-dependent mutational be-
havior of DYS392, which has been discussed above, but
also in the low variability of the short Native American
DYS19 allele (Karafet et al. 1997; Carvalho-Silva et al.
1999).
Practical Guidelines
The problems of phylogenetic Y-STR analysis iden-
tified and addressed in this study can be summarized
as follows. At the laboratory level, it is crucial to type
the complex loci DYS389 and DYS390, either by se-
quencing or by nested PCR (Rolf et al. 1998), rather
than by conventional length sizing; otherwise, the in-
formation content of the slowly mutating “m” seg-
ments is swamped by that of the rapidly mutating “n”
and “q” segments, with the effect that the MP tree for
the data will not approximate the true tree. Pentanu-
cleotide-repeat loci such as DXYS156Y are similarly
informative for ancient descent and must be included,
whereas the trinucleotide locus DYS392 mutates rap-
idly at length 113 and is prone to double-repeat mu-
tations from 11 to 13 repeats. It may be argued that
trinucleotide and substructured loci should be dis-
carded altogether, and this may be possible in the fu-
ture; but the former will remain interesting for the
study of triplet-expansion mechanisms, and, because of
their high-discrimination capability, the latter are cur-
rently relevant in forensics. At the data-analysis level,
the RM-network method is superior to the MJ-network
method, for longer branches (fig. 3), whereas MJ per-
forms best with predominantly one-step networks (fig.
4). A weighting system such as the two-class system
presented here is indispensable for phylogenetic rec-
ognition of parallel mutations, as is the application (in
the case of large data sets) of the “frequency 11” op-
tion, which discards singly occurring Y types. Not only
does this option reduce homoplasy (Richards et al.
1996), but it also tends to eliminate incorrectly typed
loci, assuming that identical nonsystematic mistakes
are unlikely. Errors are even more likely to occur than
in mtDNA sequencing, because of the separate PCR
amplifications required for Y-STR typing. Finally, in
the interpretation of results, the published average ped-
igree mutation rate for STRs will systematically yield
ages that are too young either when applied to a se-
lected stable STR set as presented here or when inad-
vertently applied to deep phylogenies with unidentified
parallelisms. Should there remain a residual discrep-
ancy after mutational saturation is taken into account,
it would be interesting to investigate the possibility of
dating the age of prehistoric fathers by comparing mod-
ern Y-chromosomal with modern mtDNA sequences,
since paternal age dependence of STR mutations has
been demonstrated in previous pedigree analyses
(Brinkmann et al. 1998).
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